Behaviors and brain disorders involve neural circuits that are widely distributed in the brain. The ability 36 to map the functional connectivity of distributed circuits, and to assess how this connectivity evolves over 37 time, will be facilitated by methods for characterizing the network impact of activating a specific sub-38 circuit, cell type, or projection pathway. We describe here an approach using high-resolution blood 39 
Introduction
For opto-fMRI, animals were surgically implanted -with a headpost (Fig. 1A) atop their skulls 112 using dental cement (C&B-Metabond, Parkell, Inc.). The headpost (weighing ~250 mg) and the headpost 113 holder were custom made from Accura 55 plastic, an ABS-like plastic (Fig. 1A) . For virally injected 114 animals, the headpost surgery was done at least three weeks after the surgery for viral injection. For 115 Thy1-ChR2 mice, the kind of craniotomy performed depended on the experiment: in four Thy1-ChR2 116 mice used for controls for examining negative BOLD (Supp. Fig. 2 ), a small craniotomy (~ 0.5 mm) was 117 also at this time drilled through the skull over SI to allow positioning of the optical fiber above the 118 cortical surface; in five other Thy1-ChR2 mice used for near-microscopic resolution opto-fMRI (Fig. 5)  119 and for three control experiments (a blood pressure control, a yellow light control, and a paw stimulation 120 control), instead of a craniotomy over SI, the skull was thinned to half of its thickness, to reduce 121 distortion even further for high-resolution imaging ( Fig. 5A & 5B) . At the end of each surgery, exposed 122 skull (except for that which was thinned) was covered with a thin and uniform layer of dental cement to 123 minimize echo-planar image (EPI) distortion caused by susceptibility mismatch in fMRI. The reason for 124 this final dental cement step was to reduce distortion: Supp. Fig. 1B shows a pair of images (each 125 maximum-intensity projected across 4 coronal slices) from a mouse, which shows the effect of a uniform 126 layer of Metabond on the EPI distortion artifact. Specifically, this headposted wild-type mouse was 127 imaged (SE-EPI) without any Metabond (Supp. Fig. 1Bi ) and then reimaged after applying a thin and 128 uniform layer of Metabond (Supp. Fig. 1Bii) , showing in the latter case a reduction in artifact. 129
131
Awake and anesthetized opto-fMRI of mouse: Experimental setup and protocol. Opto-fMRI data 132 were acquired on a 9.4 Tesla (Bruker BioSpin MRI GmbH, Ettlingen, Germany), 20 cm inner diameter, 133 horizontal bore magnet. Custom-built radio frequency (RF) transmit-receive surface coils, specifically 134 designed for mouse, were used for imaging (Supp. Fig. 1A ). Functional data were acquired using a spin-135 echo EPI (SE-EPI) in the coronal orientation; we compared this protocol to gradient-echo EPI (GRE-EPI) 136 in Supp. Fig. 1C , in an acute/0.5% isoflurane anesthetized experiment on a wild-type mouse, and found 137 GRE-EPI to be more susceptible to distortion artifacts than SE-EPI. 138
Opto-fMRI experiments were performed on 8 virally injected wild-type mice, 9 Thy1-ChR2 139 mice, and 2 wild-type mice. Of the 8 virally injected mice, 5 underwent awake imaging followed by 140 0.7% isoflurane anesthetized imaging, and 3 were imaged at 0.5% isoflurane or 1% isoflurane for laser 141 power and negative BOLD controls (Fig. 2B, Supp. Fig. 2B ). Of the 9 Thy1-ChR2 mice, 3 were imaged 142 at 0.5% isoflurane for near-microscopic imaging (Fig. 5) , 4 were imaged at 0.5% isoflurane for negative 143 BOLD controls (Supp. Fig. 2) , and two were imaged at 0.7% used for the blood pressure control, a 144 yellow light control, and a paw stimulation control. 145
For animals that underwent awake imaging, three consecutive days of acclimation to head 146 restraint and scanner noise were first performed, followed by fMRI data collection starting on the 4 th day. 147
Past experiments in awake head-restrained mice have shown that after a few days of such acclimation, 148 overt stress is greatly reduced, as observed behaviorally (e.g., little or no struggling, eye secretions 149 indicative of stress in mice, or excessive vocalizations or other signs of stress) (Boyden et al. 2006 ; 150 Boyden and Raymond 2003) . Each session was performed at approximately the same time of day, around 151 2 PM, to minimize the influence of circadian rhythm. The headposted animal was inserted into the 152 custom built G-10 fiberglass MRI cradle and then restrained for about 20 minutes to acclimate the animal 153 to this head restrained position. The animal was given chocolate sprinkles while restrained on the MRI 154 cradle. After 20 minutes of head restraint acclimation, the cradle was then inserted into the 9.4T MRI 155 scanner. The cradle was locked to the MRI scanner stage so as to position the head of the animal in the 156 center of the magnet bore. A spin-echo echo-planar sequence (SE-EPI), similar to the one used for fMRI 157 data collection, was run for 40 minutes to acclimate the animal to scanner noise. Then the animal was 158 taken out of the scanner and given 2 more chocolate sprinkles before finally being taken out of the body 159 restraint tube and the headpost holder. 160 fMRI data was collected for all three days of acclimation. fMRI data from acclimation sessions 161 was used to estimate head motion of the animal being scanned. Animal head motion was computed using 162 the 3dvolreg program in AFNI. The 3dvolreg program assumes a rigid body transformation and 163 minimizes a least squares difference between each source sub-brick volume and the base. We find the 164 animal head motion reduced significantly (Supp. Fig. 1D ; F(1,48) = 261.82, p < 0.0001, main effect of 165 acclimation in a two-way ANOVA of acclimation × orientation of motion; F(5,48) = 59.38, p < 0.0001, 166 main effect of orientation of motion in a two-way ANOVA of acclimation × orientation of motion; F(5, 167 48) = 34.122, p < 0.001, interaction between acclimation and orientation of motion) following three days 168 of acclimation when compared to unacclimated animal (first day of acclimation). Changes in signal to 169 noise ratio for EPI scans were also computed for all three days of acclimation. Temporal SNR (tSNR) 170 was computed from the scans without optical illumination, from 100 voxels in the S1BF region 171 (contralateral to the optical illumination). tSNR was determined from the mean voxel value across 200 172 time points, divided by temporal standard deviation of that voxel's signal. The change in average tSNR 173 following three days of acclimation compared to the first day of acclimation is plotted in Supp. Fig. 1E . 174
There was a trend towards an increase in tSNR following three days of acclimation (paired t-test, n = 5 175 mice; p = 0.12). During awake opto-fMRI, a radio frequency (RF) transmit-receive coil (single copper 176 loop, milled out from a copper plated 1/16" epoxy material (FR-4, T-Tech, Inc., Norcross, GA), shown in 177 Supp. Fig. 1A ) was positioned over the animal's head, surrounding the headpost. The animal was 178 attached by their headpost to the headpost holder, which was in turn attached to the MRI cradle. The 179 animal was then positioned in a body restraint tube -a 4.5 cm diameter, 2 mm wall thickness, plastic tube 180 with an enclosed end at the tail end of the tube, padded with an absorbent material -that lightly fits 181 around the animal's body and restricts motion during opto-fMRI experiments. The restraint tube was 182 bolted to the MRI cradle. A 200 μm optical fiber (Ocean Optics, Dunedin, FL) attached to an adjustable 183 optical fiber holder was also, at this time, positioned directly on the target (e.g., into the craniotomy, right 184 above the brain), passing through the RF coil. A nose-cone for isoflurane delivery was positioned around 185 the animals' snout. The MRI cradle was then slid into the magnet bore. The cradle was then locked to 186 the MRI scanner stage so as to position the head of the animal in the center of the magnet bore. Animals 187 were anesthesia induced with isoflurane right after the awake functional imaging experiment. The 188 anesthesia level for these animals was maintained, as indicated by end-tidal isoflurane level (see below), 189 at 0.7%. 190
For purely anesthetized imaging, animals were anesthetized with isoflurane (2-3% in oxygen) 191 before positioning them on the MRI cradle. The MRI cradle was then slid into the magnet bore. imaging sessions (that is, less than 150 μm × 150 μm × 500 μm in voxel size), we took advantage of the 204 speed and strength of our gradient coils to frame the volume imaged with four saturation slices (e.g., Fig.  205 5A), thus avoiding wrap-around artifacts (Wang et al. 2004; Wilm et al. 2007 ). Functional data were 206 acquired using a SE-EPI; 2.5 s repetition time (T R ) and 25 ms Echo time (T E ). High-resolution T1-207 weighted anatomical images (78 μm × 78 μm × 500 μm) were acquired using a rapid acquisition process 208 with relaxation enhancement (RARE) sequence in the coronal orientation, after physiological data 209 acquisition was complete. Statistical maps of the correlation of BOLD percent signal change to the 210 boxcar pattern of light delivery (aka boxcar correlation maps) were aligned to the high-resolution T1-211 weighted structural volumes using AFNI's align_epi_anat.py program. 212
The optical protocol used for opto-fMRI in this paper was a 10 s baseline period of darkness 213 followed by 16 repetitions of 15 s on, 15 s off periods of 40 Hz trains of 8 ms laser pulses (the boxcar 214 pattern shown in Fig. 1A, top right) , applied to the primary somatosensory cortex (SI). Light was 215 delivered with a 473 nm blue laser (Shanghai Dream Lasers, Shanghai, China), placed outside the magnet 216 room and coupled to a 200 micron optical fiber (~5 m in length), which was passed inside the magnet 217 room through a small duct. A MATLAB program and a USB Data Acquisition Module (Cole-Parmer, 218
Vernon Hills, IL) were used to control the laser to deliver the protocol boxcar pattern (Fig. 1A, top right) . 219
For mapping experiments in the 5 awake mice (and the 0.7% isoflurane states), and for the near-220 microscopic opto-fMRI experiments, the laser power out the fiber was 5 mW-10 mW (fiber tip irradiance, 221 150-300 mW/mm 2 ). For control experiments, 3 virally-injected mice, 3 Thy1-ChR2 mice, and two wild-222 type mice, we used 10-15 mW laser power; these last two wild-type were exposed to 25-30 mW as 223
controls. 224 225
Control experiments. Three control experiments were performed on two 0.7% isoflurane-anesthetized 226
Thy1-ChR2 mice to examine (1) blood pressure dependence on SI illumination, (2) fMRI response to 227 yellow light, and (3) fMRI response to paw stimulation. For the first of these control mice, blood 228 pressure, heart rate and body temperature, along with respiration rate, were continuously monitored 229 (sampling rate of 5 s; Advisor, Vital Signs Monitor, Surgivet, Waukesha, WI) throughout the length of an 230 opto-fMRI experiment, on one mouse, to observe the effect of laser stimulation on the animal's 231 physiology. The femoral artery was cannulated with polyethylene tubing (ID 0.28 mm, OD 0.61 mm) to 232 measure blood pressure and heart rate. The mean arterial blood pressure (mabp), mean heart rate (hr), 233 mean temperature (t), and mean breathing rates (br) were 89. 40 Hz, 3 ms pulse duration, 3 mA-amplitude pulse current delivery) on 240 the BOLD signal, finding the % change in SI to be, at its temporal peak, a 2.2% increase (at 7.5 s after 241 stimulus onset), with a shape that matches the HRF with p < 0.0005 (least squares linear regression 242 analysis, comparing the canonical HRF with each of the four scans within the session; R 2 = 0.9627, F = 243 32.93). In this same mouse, we then measured the effect of yellow light (593 nm, 5 mW) on the fMRI 244 signal and found no induced BOLD signal changes (positive or negative). 245
Control experiments investigating negative BOLD were conducted using an MRI phantom of 3% 246 agarose in saline containing a LEGO brick (Fig. 2E) . 247
248
Opto-fMRI of mouse: data analysis. The analysis pipeline is outlined in the lower right hand part of 249 all scans in a session, and then dividing by the average of the signal across all off periods. We performed 256 4 scans per session, and percent signal change was averaged across scans in a session unless otherwise 257
indicated. 258
To determine which voxels had significant increases or decreases in BOLD signal, a voxel-wise 259 time series correlation of the percent signal change was performed, as determined above, with the 260 protocol boxcar (Fig 1A, top right) , delayed by one repetition time (T R ; 2.5 s) to compensate for the 261 BOLD responses, boxcar correlation maps (that is, the correlation of BOLD percent signal change to the 274 boxcar model, as described above) were aligned to the high-resolution T1-weighted structural volumes 275 using AFNI's align_epi_anat.py program. High-resolution T1-weighted structural images were cross-276 registered between mice using AFNI's 3dAllineate program; then this alignment was used to bring the 277 boxcar correlation maps into a standard coordinate space. 278
For each imaging session, the coordinate location of the voxel with peak boxcar correlation, in 279 each contiguous set of significantly-activated voxels, was identified. Using k-means clustering we 280 clustered (note: the term 'cluster' is now being used in the k-means sense, not in the fMRI pre-processing 281 sense used in the previous section of the Materials and Methods) the coordinate locations of the peak-282 correlation voxels thus identified. We adapted an algorithm (Duda et al. 2000) to perform the k-means 283 analysis in an unsupervised fashion, following the steps listed below, starting with C = 1: 284  performing k-means clustering with C clusters; 285  computing for each resultant cluster the within-cluster sum-of-squares position variance -286 that is, the sum, over all peak-correlation voxels in a cluster, of the squared distance 287 |(coordinate of the peak-correlation voxel) -(mean coordinate of all peak-correlation voxels 288 within the cluster) 2 |; 289
 comparing the C sum-of-squares variances thus computed, using a t-test, to those obtained 290 when k-means was run with C+1 clusters. 291
We iterated this process, increasing C by 1 each time until the p-value of this t-test was no longer 292 significant (p < 0.05); then, the number of clusters used for k-means was set to C. 293 Key ROIs were named overlaying T1 anatomical images onto corresponding atlas plates from the 294 Paxinos and Watson (1998) atlas, by matching their anteroposterior coordinates and scaling atlas plates 295 along the x and y axes until the borders of the T1 anatomical images and the atlas plate corresponded. 296
As a test of robustness, the k-means clustering analysis was repeated on correlation maps 297 obtained for two different values of boxcar correlation p-value threshold (5x higher and 5x lower than the 298 one objectively chosen via Monte Carlo simulation to result in a multiple comparisons corrected type I 299 error of 5%; Supp. series of percent change in the BOLD signal for each key ROI (Fig. 4B) . The peak percent change in the 305 BOLD signal, across time, was then extracted from these thus-averaged traces (Fig. 4C) . 306 We assessed the extent to which BOLD signal time series could be fit with a human-derived 307 canonical hemodynamic response function (HRF). We produced a goodness-of-fit (R 2 ) measure, and 308 probability that the fit is statistically significant, by applying a least squares linear regression for each key 309 ROI, in each of the awake and anesthetized (0.7% isoflurane level) states, each time taking into account 310 data from each of the 5 animals to compare against the canonical HRF. In a separate analysis, we sought 311 to test whether the goodness-of-fits themselves differed between the awake and anesthetized states or 312 between regions. For this analysis, the goodness-of-fit (R 2 ) for the default value of delay of response (6 s, 313 relative to onset) was first computed on each animal's individual time series (averaged across scans within 314 a session) and then through Fisher's z-transform computed the z-score for the goodness-of-fit to the HRF. 315
The resultant set of z-scores were subjected to a two-way ANOVA with factors of brain state and ROI. In 316 a second analysis, we varied the delay of response parameter from 1 to 12 s. The delay of response for 317 which the R 2 value was maximum, was computed for each animal independently, and the resultant set of 318 delay of responses that resulted in peak R 2 values were subjected to a two-way ANOVA with factors of 319 brain state and ROI. 320
Normalized cross-correlations of BOLD percent signal change time series were computed 321 between pairs of key ROIs (Fig. 4D ) (Haralick and Shapiro 1992) . We computed, for each key ROI, the 322 average of all the normalized cross correlations between that ROI and all the other key ROIs; this average 323 was then termed the "total connectivity" of that region. 324
BOLD signal responses as a function of cortical depth were computed by drawing a line 325 perpendicular to the cortical surface, and choosing sets of three voxels (the one closest to the line, and the 326 two horizontally flanking ones) for each cortical depth. Peak percent BOLD signal change was then 327 averaged across each of these sets of three voxels, and then across animals (n = 3) for each depth below 328 the surface of the cortex (Fig. 5C) . 
Optimization of opto-fMRI methods for awake mice 371
A diagram of the opto-fMRI hardware for awake mouse imaging is shown in Fig. 1A . This 372 equipment consists of a blue laser coupled to a long optical fiber, a custom-engineered MRI cradle for 373 holding an awake mouse (CAD design available on request), a body restraint tube within the cradle for 374 minimizing body motion, an RF coil (Supp . Fig. 1A) , and an optical fiber and holder (which passes 375 through the open loop of the RF coil) over the desired neural target. To facilitate placement of the animal 376 in the MRI cradle, the animal is surgically prepared in advance with a plastic head post that is bolted into 377 the cradle at the beginning of an experiment. The animal is also prepared with a craniotomy or thinned 378 skull over the area of interest (in this case, the SI barrel cortex, which has been transgenically or virally 379 labeled to express ChR2 in pyramidal neurons). The experimental opto-fMRI protocol (Fig. 1A, right ) 380 used echo planar imaging (EPI) in conjunction with a boxcar protocol of light delivery (15 s periods of 40 381
Hz delivery of 8 ms laser pulses, separated by 15 s periods of no illumination). Significantly activated 382 voxels in images were identified by correlating the percent signal change of the BOLD response with a 383 boxcar function that corresponded to the periods of light delivery, then selecting the voxels whose 384 correlation coefficients were significant at a family-wise multiple comparisons-corrected p-value level of 385 < 0.05 (equivalent to an uncorrected p-value of 0.005), and had 5 or more significant neighbors (e.g., a 386 cluster threshold of 6). The uncorrected p-value of 0.005 and the cluster threshold of 6 were objectively 387 determined using the Monte Carlo simulation program of AFNI (Forman et al. 1995; Xiong et al. 1995) . 388
Our method was optimized along a number of experimental axes. First, to enable fMRI in awake 389 mice, it was critical to acclimate mice to head restraint and scanner noise over a multi-day period under 390 conditions similar to actual opto-fMRI experimentation. In addition, the body restraint tube was 391 important for reducing body motion. Although the body was not in the fMRI field of view, motion can 392 cause susceptibility artifacts in brain images by changing the magnetic environment. Several other 393 methodological choices were important for preventing magnetic susceptibility artifacts. First, although 394 gradient-echo (GRE) EPI is commonly used because of its excellent signal-to-noise properties, we found 395 that spin-echo (SE) EPI minimized distortion due to magnetic susceptibility mismatch between tissue and 396 air (Bandettini et al. 1994 ). This sequence approach (SE-EPI) also provides for higher resolution imaging 397 Fig. 1C) . Second, adding a thin layer of 398 dental cement homogeneously across the surface of the skull reduced magnetic susceptibility artifacts due 399 to the mismatch between intact tissue and air (Supp . Fig. 1B) . Third, we adapted a strategy from 400 diffusion tensor imaging (Wang et expressed ChR2-GFP in pyramidal neurons within a spherical volume between 700 and 1000 microns in 407 diameter, containing neurons distributed in layers 2, 3 and layer 5 (Fig. 1Bi) . On illumination of SI 408 pyramidal cells, we observed robust, distributed BOLD responses in the brain ipsilateral and contralateral 409 to the fiber illumination site, time locked to the illumination period. Fig. 1Bii shows the results from a 410 representative awake mouse. The time series of evoked BOLD signals in SI is plotted for this mouse in 411 Fig. 1Biii (red trace) . When the laser was not on, there was no visible change in the SI BOLD signal 412 (Fig. 1Biii, black trace) . We did not detect positive BOLD responses in control mice not expressing 413
ChR2, undergoing opto-fMRI ( Fig. 2A ; n = 2 mice; representative mouse shown), even with laser powers 414 increased to levels 3-6 fold higher than used in the experiments here described (Fig. 2B) . Few voxels 415 were significantly activated in control even at an uncorrected p-value of 0.15 (Fig. 2B) . This control 416 experiment mitigates the possibility that positive BOLD responses were produced by non-ChR2 related 417 effects of cortical laser illumination, such as any potential temperature changes induced by illumination. 418 A negative BOLD response was observed in the brain during opto-fMRI in the SI barrel cortex 419 immediately under the optical fiber tip (Fig. 2D) . This negative BOLD response was similar in ChR2-420 negative mice (Fig. 2C) . To probe the mechanism of negative BOLD, we carried out a specific set ofexperiments to compare the negative BOLD signal under the fiber tip in 3 ChR2-virally transduced mice, 422 2 non ChR2-expressing mice, and 4 Thy1-ChR2 mice, and found negative BOLD responses in all three 423 sets of mice, of comparable magnitude ( Fig. 2F ; p > 0.80, F(2,6) = 0.225 for peak reduction in BOLD 424 signal, factor of mouse type, one-way ANOVA). The fact that lack of ChR2 did not alter the BOLD 425 signal reduction, despite its elimination of the BOLD signal increases observed (e.g., Fig. 2A and B) led 426 us to hypothesize that the BOLD signal reduction observed under illumination was not related to ChR2, 427 but instead reflected a direct and local effect of light on the sample that was observable using MRI. In 428 support of this hypothesis, we observed small but significant BOLD reductions even in plain agarose 429 (Fig. 2E) , upon illumination. This local effect was at least in part unrelated to optical activation of ChR2-430 expressing neurons, and may therefore reflect temperature-related modulation of the fMRI signal 431 To characterize the consistency of the opto-fMRI map across different mice, we performed opto-436 fMRI on five awake mice, each injected with 1 μL FCK-ChR2-GFP lentivirus in SI of the left 437 hemisphere. To facilitate this comparison, the resultant functional scans were aligned for each mouse to 438 its respective T1 anatomical scan, and then these datasets were cross-registered across all mice. All mice 439 exhibited BOLD activations in the illuminated SI, and also displayed activations in nearby cortical 440 regions, subcortical regions, and in the contralateral cortex. Voxels that were significant in any of the five 441 mice are color-coded according to the median (taken across mice) boxcar correlation value in Fig. 3A  442 (raw datasets for all five mice are shown in Supp. Fig. 4) . 443
444
Neural targets recruited by SI pyramidal cell activation can be automatically identified 445
To identify, in an unbiased manner, the brain regions downstream of SI activation ( Fig. 1Bii and  446   Fig. 3A) , we developed an unsupervised algorithm that first clusters sets of contiguous significantlyactivated voxels into regions of interest, and then localizes the centroid of each region of interest to a 448 reference mouse atlas. The clustering algorithm is based on an automated variant of the k-means 449 clustering algorithm (see Materials and Methods for details), which adjusts the number of clusters 450 according to objective statistical criteria, and revealed for the five opto-fMRI experiments here 451 conducted, 11 regions of interest (Fig. 3Bi) . Of these 11 regions of interest (ROIs), we designated five as 452 key ROIs, which were robustly activated in all five mice (Fig. 3Bii) algorithm also reported ROIs that were less consistent across individual mice (Fig. 3Bii) . These ROIs 458 might represent additional activated circuits, for which the reliability of observation was not as high as the 459 selected five key ROIs. For example, in a subset of the five opto-fMRI experiments, clusters emerged in 460 regions that were atlas-aligned to thalamus and contralateral SII ( Fig. 3Bi ; these activated regions were 461 also visible in the raw datasets shown in Supp. Fig. 4) . This variability could result from natural 462 variations in the strength of connectivity of circuits from one brain to another, from subtle variations in 463 the location of virally labeled neurons or of the placement of the optical fiber across mice, or from the fact 464 that in our algorithm, the choice of a boxcar correlation statistical threshold could admit significant voxels 465 for some mice but reject others, leading to a perceived heterogeneity across mice. 466
To assess statistical robustness, we repeated the opto-fMRI algorithm on boxcar correlation maps 467 obtained by varying the uncorrected boxcar correlation p-value to values 5x higher and 5x lower than that 468 used in Fig. 3 . We found that varying the uncorrected boxcar correlation p-value to 0.001 or 0.025 469 resulted in few qualitative changes in the appearance of the correlation maps (representative mouse shown 470 in Supp. Fig. 5Ai ; median boxcar correlation map shown in Supp. Fig. 5Aii ). When we ran the 471 unsupervised neural target identification algorithm on the opto-fMRI data, few differences emerged in the 472 cluster map, with key ROIs preserved (Supp. Fig. 5B, 5C) , and with most clusters remaining centered atthe same location but expanding or contracting as the p-value was relaxed or made stricter. Our algorithm 474 thus exhibits robustness to variations in the specific p-value chosen for the initial boxcar correlation 475 threshold, indicating its utility in comparing neural maps across animals and across experiments. 476 477 Opto-fMRI evokes a greater BOLD response in awake than anesthetized animals 478
We anticipate a major use of opto-fMRI will be in awake animals, given the potential for 479 comparing animal opto-fMRI data to human fMRI data (which is predominantly collected in the awake 480 state) and for understanding behavior in head-posted rodents, an approach that has recently been 481 To visualize the effects of anesthesia on the set of regions causally recruited by SI, we plot in Fig.  490 4A the clusters or ROIs identified by the algorithm described above, for the awake (top) and anesthetized 491 (bottom) states. Raw datasets leading up to these ROI plots, akin to those shown for the awake state in 492 This finding is consistent with previous studies using electrophysiology (Detsch et al. 2002; West 1998) 496 reporting that anesthesia suppresses somatosensory-evoked information transfer to subcortical regions. In 497 the isoflurane anesthetized condition there was also a decrease in the BOLD response for the voxels in all 498 five key ROIs identified in the awake state ( Fig. 4B, C To apply a direct statistical comparison of the goodness-of-fit to the HRF for the awake and 515
anesthetized BOLD signal changes, we computed an R 2 for every opto-fMRI session BOLD signal vs. the 516 HRF. In our first analysis we computed this R 2 using the default value of delay in HRF (6 s relative to 517 onset) and then through Fisher's z-transform computed the z-score for the goodness-of-fit to the HRF. 518
We then ran an ANOVA to see how these z-scores varied across anesthesia level and region. We found 519 that anesthesia significantly lowered the z-score for the goodness-of-fit to the HRF of the BOLD signal 520 relative to the awake state (F(1,40) = 167.62, p < 0.0001, main effect of anesthesia level in a two-way 521 ANOVA of anesthesia level × region), and regions also differed in their match to the HRF (F(4,40) = 522 34.42, p < 0.0001, main effect of region in a two-way ANOVA of anesthesia level × region). There was a 523 significant interaction between anesthesia level and region (F(4,40) = 7.28, p = 0.0002). Specifically, 524 local SI activity was least affected in its BOLD signal response shape by anesthesia (z-score for the 525 goodness-of-fit to the HRF decreased from 2.07 to 1.59), whereas the striatum was most affected (z-score 526 for the goodness-of-fit to the HRF decreased from 1.48 to 0.35). In a second analysis we varied the delay 527 parameter for the HRF from 1 to 12 s, and recomputed the R 2 for each fit, to determine the delay that 528 would result in the highest R 2 value. We found that anesthesia significantly increased the delay in HRF 529 that resulted in the peak R 2 , relative to the best-fit delay seen for the awake state (F(1,40) We applied opto-fMRI to probe the functional connectivity of the brain network downstream of 538 SI as a function of brain state, again using isoflurane anesthesia as a model. We performed normalized 539 cross-correlation analyses of the BOLD signal changes in different regions of interest during opto-fMRI. 540
This technique provides a measure of temporal correlation across regions while nullifying the effect of 541 absolute changes in signal amplitude (as reported above), allowing focus on how anesthesia level 542 modulates the coordination between regions. We found that the anesthetized state had generally lower 543 normalized cross-correlations between pairs of regions than did pairs of regions in the awake state (Fig.  544   4D, F(1,80) = 71.67, p < 0.0001, main effect of anesthesia level in a two-way ANOVA of anesthesia level 545 × region pair). This measure of correlation also varied between different pairs of regions (F(9,80) = 4.76, 546 p < 0.0001, main effect of region in a two-way ANOVA of anesthesia level × region pair), and no 547 interaction between the two factors, F(9, 80) = 1.22, p = 0.29). 548
The striatum showed lower correlations with other regions than did other pairings. The 17 post-549 hoc tests of differences between the awake and anesthetized state that showed p-values using Fisher's 550 PLSD test significant with respect to a 0.05 significance level, all involved the striatum. When we 551 computed, for each region, the average normalized cross-correlation between the striatum and all the 552 other regions, we found that this "total connectivity" was lowered by anesthesia (F(1, 40) Opto-fMRI applied to transgenic mice expressing ChR2 in defined cortical layers 560
Opto-fMRI can be applied to other models of potentially significant interest, and we have also 561 explored these signals in transgenic mice: Both these preparations provide unique and key disease 562 models, and have been essential in a variety of basic science studies. We applied opto-fMRI to Thy1-563
ChR2 transgenic mice that express ChR2-YFP in the neocortex in layer 5 pyramidal neurons (Arenkiel et 564 al. 2007) (Fig. 5Di) . In this mouse strain, multi-unit neural activity appeared predominantly in layer 5 565 (Fig. 5Dii, E) ; local field potential (LFP) power was broadly distributed in these mice, perhaps due to the 566 extensive ChR2-positive dendrites (Fig. 5F) . When Thy1-ChR2 mice received light isoflurane (0.5%) 567 and underwent opto-fMRI, positive responses could be observed in SI sensory cortex (Fig. 5B) , including 568 prominent activity in layer 5. The ChR2-independent negative BOLD in Thy1-ChR2 mice (Supp. Fig. 2 ) 569 also was observed in the most superficial layers of the cortex (Fig. 5C) . These findings extend the 570 application of opto-fMRI to transgenic mice, suggesting that application to other species (e.g., rats and 571 primates) that are used as models in animal fMRI studies will be successful. collective results suggest opto-fMRI provides an approach to map circuits in the awake mouse and thus 592 complements fMRI approaches used in vivo in humans. 593
The present study also provides a detailed account, intended to facilitate the implementation of 594 this method by future researchers. A number of technical challenges were overcome to achieve the 595 combination of optical neural activation and fMRI in the awake mouse. Specialized hardware for awake 596 mouse imaging was implemented (Fig. 1) that enables positioning of optical fibers and immobilization 597 without incurring significant motion artifacts, using a combination of head posts and restraint tubes. 598
Surgical and pulse sequence strategies were devised for reducing magnetic susceptibility artifacts while 599 preserving high resolution. generally be useful to select the least dosage of light necessary for achieving a given scientific goal. We 604 also performed a number of critical controls, for example, demonstrating that negative BOLD changes 605 under the optical fiber are nonspecific effects of opto-fMRI, unrelated to the activity of ChR2-expressing 606 neurons. 607
Opto-fMRI provides a strategy for characterizing the network downstream of a target in a fashion 608 that is amenable to repeated assessment, potentially over extended time periods suitable to longitudinal 609 study of learning and plasticity, and disease progression. Thus, this work complements recent studies by 610 offset by the utility of this approach for exploring widespread distributed regions and the specificity of the 622 target cell types and location that can be achieved. Another limitation of opto-fMRI method is the need 623 for a head-fixed animal. Head-fixed animals have been shown to have sparse firing rate in the sensory 624 cortex when compared to freely moving animals (de Kock and Sakmann ; Sakata and Harris). The 625 higher firing rate is thought be important for information processing in various ways, in a behaviorally 626 relevant state (Vijayan et al. 2010) . 627
Other approaches for mapping neural circuits in a causal fashion using fMRI exist. Electrical 628 microstimulation has proven to be an important tool in combination with fMRI (Canals et al. 2008 ; 629 circuit elements (Ranck 1975 ). However, the passive spread of current can confound the analysis of 633 functional connections (local and distal), as determined by fMRI, requiring indirect methods to 634 characterize the current spread such as behavioral controls (Tehovnik et al. 2006 
